We investigate the chemical segregation of complex O-bearing species (including the largest and most complex ones detected to date in space) towards Orion KL, the closest high-mass star-forming region. The molecular line images obtained using the ALMA science verification data reveal a clear segregation of chemically related species depending on their different functional groups. We map the emission of 13 CH 3 OH, HCOOCH 3 , CH 3 OCH 3 , CH 2 OCH 2 , CH 3 COOCH 3 , HCOOCH 2 CH 3 , CH 3 CH 2 OCH 3 , HCOOH, OHCH 2 CH 2 OH, CH 3 COOH, CH 3 CH 2 OH, CH 3 OCH 2 OH, OHCH 2 CHO, and CH 3 COCH 3 with ∼1.5 angular resolution and provide molecular abundances of these species toward different gas components of this region. We disentangle the emission of these species in the different Orion components by carefully selecting lines free of blending and opacity effects. Possible effects in the molecular spatial distribution due to residual blendings and different excitation conditions are also addressed. We find that while species containing the C−O−C group, i.e. an ether group, exhibit their peak emission and higher abundance towards the compact ridge, the hot core south is the component where species containing a hydroxyl group (−OH) bound to a carbon atom (C−O−H) present their emission peak and higher abundance. This finding allows us to propose methoxy (CH 3 O−) and hydroxymethyl (−CH 2 OH) radicals as the major drivers of the chemistry in the compact ridge and the hot core south, respectively, as well as different evolutionary stages and prevailing physical processes in the different Orion components.
Introduction
Orion BN/KL (Becklin-Neugebauer / Kleinmann-Low) is the closest high-mass star-forming region (∼ 400 pc; Grossschedl et al. 2018; Kounkel et al. 2017; Menten et al. 2007 ) exhibiting several processes related to young stellar objects and high-mass star formation (see, e.g. Genzel & Stutzki 1989 ). This region is located at the core of the Orion Molecular Cloud 1 (OMC 1), which lies behind the Orion Nebula cluster (O'Dell 2001) . The core of Orion KL contains at least three self-luminous objects (protostars), the compact H ii regions I, n, and BN; these sources are within a region of ∼ 10 (∼ 0.02 pc). Their proper motions reveal that they are moving away from a common region (Gómez et al. 2005) . Different scenarios, as well as the formation of highmass stars, have been proposed to explain the complexity of this source. An explosion of a multi-star system (sources I, n, x, and BN) that took place ∼ 500 years ago (Gómez et al. 2005; Bally et al. 2017; Luhman et al. 2017; Rodríguez et al. 2017) has been proposed as the main factor responsible for most of Orion KL gas components (Zapata et al. 2011) .
The different gas components show distinct physical and chemical properties. Classically, these components have been This paper makes use of the following ALMA data: ADS/JAO.ALMA#2011.0.00009.SV. ALMA is a partnership of ESO (representing its member states), NSF (USA), and NINS (Japan), together with NRC (Canada), NSC and ASIAA (Taiwan), and KASI (Republic of Korea), in cooperation with the Republic of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO, and NAOJ.
identified with single-dish telescopes by a characteristic systemic velocity (Blake et al. 1987; Schilke et al. 2001; Tercero et al. 2010) : (i) hot core, a hot (T 200 − 300 K), dense clump rich in complex organic saturated N-bearing species such as CH 3 CH 2 CN, characterised by ∆v 5 − 15 km s −1 and v LSR 5 − 7 km s −1 ; (ii) extended ridge, the host, quiescent, and relatively cold (T 60 K) ambient cloud rich in simple species such as CS or HCN, emitting lines with ∆v 3 − 4 km s −1 and v LSR 8 − 9 km s −1 ; (iii) compact ridge, a warm (T 150 K), compact clump rich in organic saturated O-rich species such as HCOOCH 3 or CH 3 OCH 3 , whose spectral features are characterised by ∆v 2 − 3 km s −1 and v LSR 7 − 8 km s −1 ; and (iv) plateau, molecular outflows presenting typical shock chemistry with molecules such as SO or SiO (Tercero et al. 2011; Goicoechea et al. 2015) ; here the low-velocity flow is characterised by lines with ∆v 20 km s −1 and v LSR 5 − 6 km s −1 (Bell et al. 2014) , whereas the high-velocity flow presents lines with ∆v as wide as 150 km s −1 and v LSR 10 km s −1 .
In the recent years, data from the last generation of telescopes have added further complexity to this region. Neill et al. (2013) and Crockett et al. (2014) noted that a component between hot core and compact ridge, called the hot core south (∆v 5 − 10 km s −1 and v LSR 6.5 − 8 km s −1 ) was required to correctly model the Herschel-HIFI emission of several molecules. In these works, this component was also revealed by mapping the emission of HDO, 13 CH 3 OH, 13 CH 3 CN, and HCOOCH 3 using the ALMA Science Verification (SV) data. Moreover, Peng et al. (2012) previously noted that the strongest CH 2 DOH and CH 3 OH emissions come from the hot core southwest region with a velocity that is typical of the compact ridge.
This new component is especially important regarding the spatial distribution of the complex organic O-bearing molecules. A series of recent works based on interferometric data have demonstrated a clear spatial differentiation between the most complex O-bearing species detected in Orion KL. On the one hand, the following species (among others) emit from the compact ridge component: HCOOCH 3 (Favre et al. 2011a; Crockett et al. 2014; Tercero et al. 2015; Cernicharo et al. 2016) , CH 3 OCH 3 (Favre et al. 2011b; Brouillet et al. 2013; Feng et al. 2015; Tercero et al. 2015; Cernicharo et al. 2016) , CH 3 OH Peng et al. 2012; Neill et al. 2013; Feng et al. 2015; Tercero et al. 2015; Cernicharo et al. 2016) , CH 3 CH 2 OCH 3 , HCOOCH 2 CH 3 , and CH 2 OCH 2 . On the other hand, complex organic O-rich species, whose major emission is associated with the hot core south, emit far away the compact ridge: CH 3 COCH 3 Peng et al. 2013; Feng et al. 2015; Cernicharo et al. 2016) , OHCH 2 CH 2 OH Cernicharo et al. 2016; Favre et al. 2017) , CH 3 COOH Favre et al. 2017) , CH 3 CH 2 OH (Feng et al. 2015; Tercero et al. 2015; Cernicharo et al. 2016) , and OHCH 2 CHO . Favre et al. (2017) proposed that the rich molecular composition of the Orion core, which exhibits the emission peak of OHCH 2 CH 2 OH and CH 3 COOH, may reflect gas-phase chemistry in an induced shock or post-shock stage due to the impact of a bullet of matter ejected during the explosive event of Orion KL (Wright & Plambeck 2017) .
Chemical segregation of complex organic molecules (COMs, Herbst & van Dishoeck 2009) in star-forming regions has been investigated concerning the spatial differentiation between the O-and N-bearing species (Peng et al. 2013; Öberg et al. 2013; Fayolle et al. 2015; Jiménez-Serra et al. 2016; Allen et al. 2017; Bergner et al. 2017; Suzuki et al. 2018) . However, information about the spatial distribution of chemically related COMs is lacking, mostly due to the low abundances of the most complex species which prevent the detection of these species in the majority of star-forming regions. The identification of several O-bearing COMs in Orion KL allows us to investigate the spatial distribution of similar species (in terms of complexity and variety of atoms) but harbouring different chemical functional groups to test the COM formation and evolution.
In this Letter we investigate the spatial distribution of O-bearing COMs and some related species detected in this source based on the ALMA SV data, including, for the first time, the largest and most complex Obearing COMs detected to date in space (Sect. • 22 35.00 . The CASA software 2 was used for initial processing, and then the visibilities were exported to the GILDAS package 3 for further analysis. The line maps were cleaned using the HOGBOM algorithm (Högbom 1974) . The synthesised beam ranged from 2.00 × 1.48 with a position angle (PA) of 176
• at 214.0 GHz to 1.75 × 1.29 with a PA of 164
• at 246.4 GHz. The brightness temperature to flux density conversion factor is 9 K for 1 Jy per beam. The continuum emission was subtracted in the maps by carefully selecting line-free channels.
Results
Several O-bearing COMs have been identified towards different Orion components. In this work we study the most complex ones together with some related species: alcohols, 13 Motiyenko et al. 2018 ) and the second in interstellar medium (McGuire et al. 2017) .
Owing to the high spatial resolution of the ALMA SV data that distinguishes between the contributions from the different cores of Orion, we constrained the spatial distributions of these species and their abundances. To perform the ALMA maps, we selected two transitions of each of these species that arise free of blending with other species in the Orion KL cores (see Table A .1 and Fig. C.1 ). When possible, the two selected transitions have large differences in the energy of the upper level state. Then, for each species, the spatial distribution of the integrated line emission of the two selected lines was overlapped by depicting it in different visual scales (colour and contours; see Fig. 1 ). Doing so, we addressed possible effects in the spatial distribution related to different excitation conditions and potential blendings of the lines with other species in the different components.
Moreover, to limit opacity effects in the emission distribution of the most abundant species, we mapped a-type transitions of 13 CH 3 OH and b-type transitions of HCOOCH 3 (those associated with the lowest dipole moment of each species). Despite the lack of short spacing data required for completion of the possible extended emission of some of these species (see e.g. 13 CH 3 OH or HCOOH), we obtain an overview of the main cores that host the studied species.
We note the coincidence in the emission peaks between colour and contour scales for most of the species (see Fig. 1 ). Only for the less abundant species are there some regions which exhibit emission only in one of the depicted lines due to light blendings with other molecular species in a particular region of the cloud (see Table A .1 and Fig. C.1 ). In those cases (CH 3 COOCH 3 , HCOOCH 2 CH 3 , CH 3 CH 2 OCH 3 , and OHCH 2 CHO) we assumed only the overlapping areas (colour + contours) as the emitting regions for these species (emission confined inside red rectangles in Fig. 1 ). Figure 1 shows the ALMA maps together with the molecular structure of the corresponding species for all complex O-bearing molecules mentioned above. At first glance there is a clear differentiation in the spatial distribution of the species situated at the two different sides of Fig. 1 : the molecules on the left (panels A-G) present the bulk of the emission at the position of the compact ridge (crosses), the emission of the species on the right (panels H-N) is characterised by a lack of a significant contribution towards this component. Moreover, the species on the right do not present a common emission peak towards their main emitting region (the hot core south). We distinguished two locations separated by about ∼1.6 for the main emission peaks in the hot core south: the maximum of formic acid (H), ethylene glycol (I), and acetic acid (J), in agreement with the position found in other works Cernicharo et al. 2016; Favre et al. 2017; Pagani et al. 2017 ) for these species (unfilled triangles) and the maximum of ethanol (K) and methoxymethanol (L) (unfilled squares). In addition, we note that the species which present compact ridge emission (A-G) also exhibit emission in the hot core south showing a maximum in a position near the unfilled square (emission peak of ethanol and methoxymethanol). It is worth noting that a clump at the north-west appears in the emission of species A, B, C, D, and E, thus presenting the chemical fingerprints found for the compact ridge (see e.g. Favre et al. 2011a , Wu et al. 2014 , and Hirota et al. 2015 for further discussion of this component). However, we cannot confirm emission from the less abundant species of this group (F and G) towards this component.
Owing to the observed spatial distributions of these species, we distinguish three emission peaks for further discussions (see Fig. 1 ): MF (methyl formate peak, cross symbol), EG (ethylene glycol peak, unfilled triangle), and ET (ethanol peak, unfilled square). Coordinates for these positions are shown in Table B .1. Interestingly, these emission peaks coincide with three continuum sources found by Hirota et al. (2015) at 245 GHz and 339 GHz using subarcsecond resolution observations performed with the ALMA interferometer: HKKH 11 for the MF peak, HKKH 9 for the ET peak, whereas HKKH 8 is close to EG peak (see Fig. 4 and Table 3 of Hirota et al. 2015) . In addition, Wright & Plambeck (2017) show that these continuum sources lie along the boundaries of the SiO outflow emission, being HKKH 8 (EG peak) the more embedded source in the SiO J = 2 → 1 emission (see Fig. 1 of Wright & Plambeck 2017) . Moreover, Brouillet et al. (2015) noted that one short CO jet identified by Zapata et al. (2009) overlaps the EG peak, which suggests that this component may also be located in the path of the highvelocity outflow.
We used the MADEX 4 radiative transfer code (Cernicharo 2012) to derive physical parameters and column densities for the studied species towards the MF, EG, and ET peaks (see Appendix B). Figure C .1 shows the lines mapped in Fig. 1 (colour and contours) in the three selected positions (MF, EG, and ET peaks) together with the adopted integrated area for imaging the spatial distribution of these lines and the synthetic 4 https://nanocosmos.iff.csic.es/?page id=1619 spectrum provided by MADEX. In addition, to ensure the first detection of methoxymethanol in Orion, Fig. C.2 shows selected lines of CH 3 OCH 2 OH in the ET peak together with the model derived using MADEX according to the physical parameters given in Table B.1. Molecular abundances for each species in the different positions were calculated using the derived column densities shown in Table B .1. We adopted the N(H 2 ) values of 8.2 × 10 23 , 2.4 × 10 24 , and 1.8 × 10 24 cm −2 derived by Hirota et al. (2015) in HKKH 11 (MF), HKKH 8 (EG), and HKKH 9 (ET), respectively, using a dust temperature of 100 K and a modified blackbody fitting of the spectral energy distribution (SED). Figure 2 shows the molecular abundances obtained for the studied species in the different positions. Interestingly, the derived values reproduce the same tendency observed in the maps. While species from A to G exhibit the lowest abundance towards the EG peak, the MF peak is the position where species from H to N present lower abundances. 
Discussion
The clear spatial segregation of the studied O-bearing species allows us to infer some common evident molecular features for these molecules depending on whether they present significant emission in the compact ridge component or not. All molecules from B to G harbour an oxygen bound to two carbons by two single bonds (C−O−C; an ether group), whereas all species from H to M show a hydroxyl group (−OH) bound to a carbon atom (C−O−H). This points to a principal common precursor for the formation (via dust and/or gas-phase reactions) of these species. According to this molecular structure, we propose methoxy (CH 3 O−) and hydroxymethyl (−CH 2 OH) radicals as the major drivers of the chemistry in the compact ridge and the hot core south, respectively. Nevertheless, studies on laboratory experiments on ices and surface and/or gas-phase chemical models could point in alternative directions. Paying attention to these studies, the chemical fingerprints found in this work, the positions of MF, EG, and ET peaks along Orion KL, and assuming similar initial conditions for the parent cloud, we could propose several scenarios for the chemical segregation found in this paper.
Surface and gas-phase chemistry
Our results show that C−O−C-bearing species are present both at the hot core south and the compact ridge, but peak at the latter. Due to the recent explosive event (500−1000 yr) in Orion, we could expect a young stage for the chemistry of this region. The simplest model to explain the rather strong correlation of these species is radical-radical reactions on grain surfaces (see Garrod et al. 2008) . Then the relative abundances of the C−O−C-bearing species may be fixed before this event and the absolute abundances could be enhanced after the explosion. Moreover, the hot core south could be more exposed to the effects of this event (i.e. higher temperature, particles, or shocks) giving rise to a surface chemistry which produces C−O−Hcontaining molecules. In this case, the mobility enhancement of the CH 2 OH radical could be the crucial phenomenon.
Nonetheless, although we have assumed a young chemistry for this source, the enhancement of the C−O−C-bearing species towards the compact ridge together with lack of C−O−Hcontaining molecules in this component could point alternatively to an important role of gas-phase reactions in this component.
Laboratory experiments on ices and surface chemical models may suggest that both C−O−C-and C−O−H-containing molecules are released from grains to the gas phase during the warm-up timescales: -In laboratory experiments to quantify the production rates of COMs,Öberg et al. (2009) Owing to the large CH 3 OH abundance found in the present work for all the studied components, we expect CH 3 OH-rich ices in our source. However, we note that other processes different from UV radiation which deposit energy to the dust grain (i.e. cosmic ray-grain interactions, grain-grain collisions, IR heating) could lead to different products. -Chemical models provided by Garrod et al. (2008) show that a wide array of complex species may be formed by reactions involving radicals on dust grains. The reaction of the mobile primary radicals HCO and CH 3 with more strongly bound primary radicals CH 3 O and CH 2 OH results in the formation of HCOOCH 3 , CH 3 OCH 3 , OHCH 2 CHO, and CH 3 CH 2 OH (i.e. both C−O−C-and C−O−H-containing molecules) at temperatures between 30 and 40 K. For the most complex C−O−C-bearing molecules, Belloche et al. (2009) proposed that HCOOCH 2 CH 3 is primarily formed on grains by adding HCO or CH 3 to functional-group radicals derived from HCOOCH 3 and CH 3 CH 2 OH. With regard to gas chemistry, several gas-phase mechanisms have been proposed to explain the high abundances of several C−O−C-bearing molecules: -To produce HCOOCH 3 , Neill et al. (2012) proposed ionmolecule reactions in the gas phase that involve the reaction of CH 3 OH and HCOOH. -Furthermore, Balucani et al. (2015) proposed the nonthermal desorption of iced methanol in cold environments as the precursor of a series of gas-phase reactions, some of them being uncertain radiative association reactions, leading to the formation of CH 3 O, CH 3 OCH 3 , and HCOOCH 3 .
- Taquet et al. (2016) explained the abundances of CH 3 OCH 3 , HCOOCH 3 , HCOOCH 2 CH 3 , and CH 3 CH 2 OCH 3 found in several star-forming regions by means of ion-neutral gasphase chemistry triggered by the evaporation of interstellar ices at temperatures higher than 100 K. The gas-phase chemical network used by these authors assumes CH 3 OH as the main precursor to form CH 3 OCH 3 and HCOOCH 3 , and CH 3 CH 2 OH as the starting point to produce the most complex species (HCOOCH 2 CH 3 and CH 3 CH 2 OCH 3 ). Thus, we could expect that reactions in the gas phase have led to decrease the abundances of C−O−H-containing molecules (which emerge in the gas phase more likely by desorption from the ices) and enhance the abundance of C−O−C-containing species. If we assume that the released species from the grain mantles are similar for both the compact ridge and the south hot core, the decreased abundance of CH 3 CH 2 OH in the former could reflect the formation of HCOOCH 2 CH 3 and CH 3 CH 2 OCH 3 via the mechanisms proposed by Taquet et al. (2016) . This could point out to an advanced evolutionary stage for the compact ridge component.
As an example of the constraints brought by the spatial distribution of the species, it seems that of the two paths to form HCOOCH 2 CH 3 proposed by Belloche et al. (2009) , the one implying a role of HCOOCH 3 is favoured in Orion KL. Namely the distribution of HCOOCH 2 CH 3 resembles that of HCOOCH 3 , and not that of CH 3 CH 2 OH. Furthermore, HCOOCH 3 could also be similarly the precursor of CH 3 COOCH 3 on the grain surface through the COOCH 3 radical.
Warm-up timescales and kinetic temperatures
On a smaller scale, the two different emission peaks found in the hot core south (EG and ET peaks) may reflect different warm-up timescales and/or different kinetic temperatures of the gas. Garrod et al. (2008) also proposed that the formation of CH 3 OCH 2 OH and OHCH 2 CH 2 OH is dependent on the mobility of the CH 3 O and CH 2 OH radicals, respectively. CH 2 OH becomes mobile just as water and other species are beginning to desorb. The grain surface OHCH 2 CH 2 OH abundance rises dramatically at 110 K. At temperatures between 50 and 100 K, secondary radicals themselves may become mobile; high temperature mobility of the secondary radical CH 3 CO results in reactions with CH 3 and OH to form CH 3 COCH 3 and CH 3 COOH, respectively. The formation of these secondary radical products is most effective with long warm-up timescales. Therefore, in the ET peak CH 3 CH 2 OH and CH 3 OCH 2 OH are desorbed after reaction of primary radicals; instead, in the EG peak the low mobility of the CH 2 OH radical could lead to the desorption of OHCH 2 CH 2 OH at similar physical conditions of the CH 3 COOH desorption which is produced after reactions involving secondary radicals.
Interestingly, to explain the high abundance found for CH 3 OCH 2 OH in NGC 6334I, McGuire et al. (2017) suggest an important role of low-energy electrons (as a product of the interactions of high-energy radiation, such as cosmic rays, with matter) acting on methanol ices, as studied by Sullivan et al. (2016) .
Desorption mechanisms
Different desorption mechanisms could favour the enhancement of different species in the gas phase. The core of the EG peak could be more likely affected by desorption mechanisms via non-thermal processes due to its embedded position in the SiO outflow. In this scenario, sputtering and grain collisions could favour the production of species which, in the mechanism proposed by Garrod et al. (2008) , are produced when the dust grain reaches high temperatures and certain radicals (i.e. CH 2 OH and secondary radicals) become mobile. Then, OHCH 2 CH 2 OH and CH 3 COOH could be enhanced into the gas phase before the species that warm up at lower temperatures (i.e. HCOOCH 3 , CH 3 OCH 3 , OHCH 2 CHO, CH 3 CH 2 OH) reach high abundances. This also explains the spatial distribution of CH 3 COCH 3 as produced by the interaction of a front shock with its surroundings. The lower diffusion barrier of the CH 3 radical (compared to the OH radical) may also explain the differences found in the spatial distribution of CH 3 COOH and CH 3 COCH 3 .
Early stage of shock chemistry
The co-spatial emission of HCOOH, CH 3 COOH, and OHCH 2 CH 2 OH may indicate an early stage of shock chemistry. HCOOH may be easily liberated from grain surfaces (Garrod et al. 2008 ), but it could be processed into HCOOCH 3 in regions where the timescales are sufficiently long for gas-phase reactions to occur (Neill et al. 2012) . This also explains the decreased emission of HCOOH in the MF and ET peaks. In this scenario, the chemistry found in MF and ET peaks could reflect a prevailing role of gas-phase reactions that take place after sputtering (in a post-shock scenario) and/or thermal evaporation (by compression of the gas in a pre-shock scenario) of the grain mantles. In this respect, if the first generation of mantle molecules might include −OH-bearing species, the first group of species (from B to G) will be characterised by radicals where the OH bond has been cut (not only CH 3 O, but CH 3 CO to form CH 3 COOCH 3 , and CH 3 CH 2 O to form HCOOCH 2 CH 3 and CH 3 CH 2 OCH 3 ).
To sum up, we found an evident difference between the molecular content of the compact ridge and the hot core south, which is reflected in the internal chemical structure of the detected species. This observed spatial differentiation between the most complex O-bearing species could provide an important constraint to future investigations regarding the chemistry of the interstellar medium. Chemical models will have to be adapted to these new results. Finally, to explain this chemical segregation issues such as the evolutionary stage of the different Orion KL components, the composition of the dust grains prior to the collapse phase, the molecules accreted onto the grains, desorption mechanisms in the different regions (thermal/chemical/sputtering/UV processes), and/or the surface and gas-phase chemistry should be addressed in a combined way. 
Appendix B: Determination of column densities
To model the emission of the studied species towards the MF, EG, and ET peaks, we extracted an averaged spectrum over 5 × 5 pixels (1 ×1 ) around the emission peaks mentioned above, and using MADEX we calculated the synthetic spectrum between 213.7 GHz and 246.7 GHz for the different species and positions according to the physical parameters collected in Table B. 1. Owing to the lack of collisional rates for most of the studied species, we used the local thermodynamic equilibrium (LTE) approximation. Taking into account the physical conditions of the considered components of the cloud (see Table B .1), we expect this approximation to work reasonably well. For each spectral component and species, we assumed uniform physical conditions of the cloud: line width, radial velocity, and a source size slightly larger than the spatial resolution of these observations (3 ). Therefore, we left only the rotational temperature and the molecular column density as free parameters. However, as a first step, we relied on previous works (see e.g. Tercero et al. 2015; Cernicharo et al. 2016 ) to fix the rotational temperature at 150 K. Then we varied the column density to obtain an agreement in line intensity between model and observations better than ∼30% for all features of the studied species present in the frequency range of the ALMA SV data. Lines for which this condition was not fulfilled were revised searching for possible blendings with features from other molecular species. Finally, we adopted the model parameters if all spectral features that did not match with the synthetic spectrum were blended. We marked as the upper limit the column density results obtained with less than five unblended lines.
For certain species, some mismatches between model and data could not be explained due to line blending. We noted that lines which showed these discrepancies were high-and/or lowexcitation lines. In these cases, we introduced a hotter (at 250 K) and/or colder (at 50 K) component to properly fit all unblended lines by varying the column densities of the different temperature components and following the criteria discussed above. The derived column density shown in Table B .1 is the sum of the values obtained for the different temperature components.
In addition, for the most abundant species other components at different radial velocities have been included to reproduce the observed line profiles (see Table B .1). We consider that these extra components come from adjacent parts of the region that partially overlap with the emission from the considered emission peaks. 
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